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I. Summary

A computer simulation model called CALIMFAC ("CALifornié I/M FACtor™)
has been developed for use in évaluating the effectiveness of the
California biennial vehicle inspection, or "Smog Check", program. The
model calculates baseline (no inspection program) exhaust emission
factors for 1965 to 2004 model year gasoline-powered passenger cars,
light-duty trucks and medium-duty vehicles, and predicts emission
benefits for calendar years 1980 to 2020 for up to five different
sequential I/M program designs. Program options that can be evaluated
include inspection frequency, inspection test type, visual/functional
check, emission standard stringency, repair cost limits, mechanic
performance, model years included, and specific vehicle exeﬁptions. A
total of over 200 different I/M program designs can be constructed
from the available options, with an infinite combination of start
dates apd exemptions. Options are selected by the user f;om a series
of menus that prompt for input. Although the model was initially
written for execution on a minicomputer, a personal computer version

has also been prepared,

Emission factors pfedicted by the model are somewhat higher than those
.predicted b& the Air Résources Board'syemission‘facto; model, EMFAC7D.
This is probably due to the model’s treatment of malperforming |
vehicles. It is believed that previous analyses underestimated
emissions from malperforming vehicles. The model estimates that the
‘enhanced Smog Check program resulting from thé implementation of SB
1997 will reduce exhaust hydrocarbon (HC) emissions by nearly 18%,
carbon monoxide (CO) emissions by about 19% and oxides of nitrogen
(NOx) emissions by about 12% in 1992, when the program enhancements
are fully implemented. HC benefits are predicted to remain fairly

constant through 2020 at between 17 and 18%. CO reductions from the



SB 1997 program continué to increase, leveling off at approximately
27% by 2012. NOx emission benefits are projected to peak in the early
1990s at approximately 12%, and then to level off. about 2012 at a
little over 5 percent. The model also shows that the SB 1997 program
qhanges (two-tier mechanic licensing requirements, increased cost
limit for repairs and computerized emission test analyzers) will

result in both near-term and long-term program improvements, as shown

in Table I-1 below.

Table I-1

Smog Check Program Benefits Projected by CALIMFAC
(Relative to No-I/M Baseline)

Near-Term Long-Term
HC co NOx HC _ co (0534
Original Program 10% 10% 8% 5% 8% 2%
Enhanced Program 18 19 12 17 27 5

(SB 1997 fully implemented)

Enhanced Program 30 35 23 22 - 32 8
plus Annual Inspection

Enhanced Program 20 25 15 23 33 15
plus Loaded Mode Testing

Sensitivity analyses show that the model is most sensitive to
,inspettion‘ffequency‘and inspeotionbtest type. These results, which
.are'aléo summarized in Tabie‘I-l, indicate that relative to other-
program parameters evaluated for sensitivity, the implementation of an
annual inspection program would result in the largest near-term
improvement in HC benefits beyond those already achieved through the
implementation of SB 1997. The model predicts that even with no
additional improvements to the program, this change would produce HC
benefits of nearly 30%, CO benefits of approximately 35% and NOx
benefits of well over 20% within about five years of program
implementation and HC, CO and NOx benefits of 22%, 32% and 8%,

respectively, after about 20 years. The other significant program



change that provided the greatest long-term improvement is the
implementation of a loaded mode tailpipe test for 1980 and later model
year vehicles (20%\HC, 25% CO and 15% NOx soon after program
implementation, with HC and CO benefits increasing to 23% and 33% in
later years). Other program changes to which the modei was sensitive
include improving the performance of mechanics in identifying and
repairing vehicle defects (19% HC, 29% CO and 8% NOx by 2010); and
increasing the number of components included in the visual/functional
underhood 1nspectlon (increases long term NOx benefits of the program
to approxxmately 8%). Removing the cost limit on repairs would also
have small but measurable beneficial effects on the effectiveness of

the I/M program.



II. Introduction

The California Air Resources Board (ARB) is the state agency with

- principal respomsibility for coordinating statewide air quality
planning and for controlling emissions from motor vehicles. For the
Board to effectively carry out these responsibilities, it must have
the ability to estimate current emissions levels from motor vehicles,
and‘to predict emissions from vehicles that have not yet been built.
To do this, the ARB must havé an accurate, up—to-date collection of
data zbout the characteristics of vehicles currently on the road; and,
accurate and reliable models that can predict the effects of future

control efforts.

One of the most important elements of the motor vehicle emissions
control program undertaken by the ARB is the vehicle inspection and
maintenance (I/M), or Smog Check, program. Under this program,
millions of vehicles in the eight major metropolitan areas of
California are subjected to a computerized inspection every other
year. The inspection includes exhaust emission measurement plus u
visual and functional checks of emission control components.
Approximately 35 percent of the vehicles inspected fail and must be
repaired. Although the Smog Check before- and after-repair emission
test results show that emissions from most repaired vehicles are
reduced, there has been no analytical procedure for determining what
“emission reductions are actually Being achieved by the current
program. Further, there has been‘no simple way to evaluate the
effectiveness of the program in future years, or how that
effectiveness would change as a result of specific program
modifications. Finally, previous estimates of program benefits have
always been derived independently of the determination of so-called
"baseline" emission factors, intended to represent a "no-I/M" case.
This approach is not compatible with a population of vehicles that
have been subjected to multiple I/M cycles if there are residual

benefits of I/M from one inspection/repair cycle to the -next.



A,  Purpose of This Study

The purpose of this study was to develop an easy-to-use computer
simulation model that would calculate baseline emission factors and
inspection/maintenance program benefits and would allow the evaluation
of the effects of potential program modifications on the overall
effectiveness of the program. The model that has been developed
calculates baseline exhaust emission factors for 1965 through 2004
model year gasoline-powered passenger cars, light-duty trucks and
medium-duty vehicles, as well és emissibﬁ factors and benefits for
thése vehicles in a variety of inspection/maintenance program
scenarios. Potential inspection/maintenance program modifications
that can be evaluated by the user include requiring annual
inspections, eliminating inspections on change of ownership, adding
loaded mode testing, increasing the stringency of the tailpipe
emission standards and/or the underhood inspection, increasing the
cost limit for repairs, improving mechanic performance, exempting new
vehicles from the program for some number of years, and varying the
maximum age of vehicles in the program.

P ¢

B. Organization of This Report

This report explains in detail how the model was developed and
discusses the emission factors and emission reduction benefits
predicted by the model. Instructions for running the'model are
provided in the "User’s Guide to the CALIMFAC California I,/M Bemefits
Model." The source code for the model 1is pubiished in "Source Code
for the CALIMFAC I/M Benefits Model."” Both reports are dated May
1990.

The next section of this report explains how the model works. That
section contains a discussion of the technical basis for the approach
the model takes to calculating emission factors, as well as a brief
discussion of the potential limitations of the approach. Section IV

describes the analytical approach employed to develop the data used in



the model. Section ¥ pfesents the results of the model, including a
comparison of the emission factors developed using this approach to
the factors used by ARB in the EMFAC7D emission factor model. _The
results of analyses of the sensitivity of the model to the various

input parameters are also presented in Section V.
Section VI discusses one approcach to valfdating the model results.

Finally, Section VII presents conclusions and recommendations with

respect to future_program, data and model improvements.

III. How the Model Works

CALIMFAC was developed using the basic approach tazken by the
Environmental Protection Agency (EPA) in developing the I/M credits
model, called the TECH IV model, for 1981 and later model year

vehicles. The basic assumptions underlying this approach are:

© Different vehicle emission control technologies behave
differently under in-use conditions in terms of their 1
emissions, their response to an I/M test, and their response

to repalir techniques.

©® The emissions performance of vehicles (or groups of similar
vehicles) can be characterized by quantum changes in emissions
between discrete levels, or regimes, rather than as continuous

functions.

© The effect of vehicle emission system deterioration and
component malfunctions can be represented by movement of
vehicles among regimes, rather than as a change in the

characteristic emissions within the regimes.



Using these assumptions;Athe fleet can be divided into techﬁology
groups and emission regimes, and characteristic emission levels can be
assigned to éach combination. Emissions increases due to ‘
deterioration and decreases due to repair are simulated by changing
the relative sizes of the emission regimes for each technology group.
All calculations are done on an emission control technology group and
pollutant specific basis. The schematic in Figure III-1 shows the
basic structure of the model; and the sequence in which ecalculations

are performed.

The main program, called CALIMFAC, célls each of the subroutines in
the second column in the order shown. The first module, INPUT,
displays the program option menus and prompts for inputs. This module
provides default values for program options if none are supplied by
the user. The main program calculates baseline (without I/M) emission
factors and then, if the I/M benefits feature of the model has been
selected, calls BENEFIT. Subroutine BENEFIT initializes the fleet to
reflect the I/M program options being evaluated, and then calls either
the ANNUAL or BIENNIAL subroutine, as appropriate. The ANNUAL and
BIENNIAL subroutines simulate the inspection/repair/deterioration
cycles that occur throughout the life of the vehicles in the program,
and generate a set of with-I/M emission data points used to develop

with-I/M emission factors.

Figure III-2 shows how the model simulates deterioration in the

~absence of ah‘I/M program. The vehicle population is divided into

emission regimes, which are selected to represent vehicles with
similar in-use emissions performance. Deterioration is represented by
changes in the relative population sizes of the regimes. For example,
the size of the "super", "very high™ and "high" emitter regimes all
increase as the vehicles age, while the fractions in the lower

emitting regimes are reduced.

Figure III-3 shows how an I/M program affects the movement of vehicles

among regimes. The I/M program adjusts the relative population
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Figure III-3

Effect of Repair on Regime Sizes
With Default I/M Program
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fractions, in this case by increasing the fraction of vehicles in the
"normal" and "moderate" regimes while décreasing the fractions in the
. higher emitting regimes. Then deterioration occurs, shiftiné
population fractions in the opposite direction. Figure III-3
illustrates that the benefits of the I/M program come hot only from
the difference in emissions before and after repair, but also from
slbwiﬁg the migration of vehicles into higher-emitting regimes.
| Although the differences in regime sizes between ;he without I/M case
‘and the before and after repair cases may appear small,.the very high
and super emitters have very high emissions relative to the normal and
moderate emitters. Therefore, a small change in the sizes of these
high-emittiﬁg regimes has a large impact on emissions from the
vehicles. In the example shown, the exhaust emissions from the 5-year
old vehicles in Tech Group 8 after repair are 6% lower than they would
be with no I/M program; by the time the vehicles are 10 years old, the

benefit has increased to 16%.

The algorithms used to adjust the pbpulation sizes, and the data used
to develop those algorithms, are discussed in more detail below.

: ' 1
The model can simulate changes in I/M program design that may occur
during a vehicle’s life. Consequently, at the end of each simulation
year, the .model checks to see whetﬁer any I/M program features have-
been changed, and makes appropriate adjustments. For example, if the
inspection frequency changes from biennial to annual, the program
exits the BIENNIAL‘subréutine and continues the simulation in the
ANNUAL subroutine. Up to five different sequential I/M program-

designs can be evaluated in this manner.

The calculations up to this point are done on an emission control
technology system-specific basis. TheHemissions data for each
technology group are passed to subroutine MYCALC, where the technology
groups are combined into model year fleets. Then subroutine REGLINE
calculates weighted regression equations for both the with- and

without-I/M cases. At the present time, and based on directives from

-11-



the Air Resources Board-staff, the default regressions are performed
to generate two straight lines with a "flex" point. The flex points
are dynamically determined by the model for each technology group,
model year and pollutant.! However, the model also offers the option
of selecting either a simple single-line linear regression (also -
performed within the REGLINE subroutine) or a power curve regression
(within the RECPWR subroutine). . _
.Subroutine CYCALC uses regréssion equations and VMT data to combine 25
vears of emission factors into.calendar year emissions, and to
calculate I/M program benefits. This feature is particularly useful
for policy-level decision makers, in that the model’s complex
calculations are reduced to a single percentage reduction for each

pollutant and calendar year.

At the user’'s option, the technology group-specific emissions
estimates are subjected to a regression routine in the TECHCALC
module. These regressions can be useful for engineering analyses or
"what 1f" exercises.

' r i
fhe OUTPUT module writes the model results to the output file chosen
by the user. The user has the option of selecting a variety of levels

of detail for the model’s output.

1. As described above, regime sizes are recalculated at the end of
each AGEYR to account for changes resulting from vehicle
deterioration and repair. These calculations are performed on a
technology group basis. At the point when the size of the normals
becomes zero, the overall deterioration of the fleet emissions
appears to slow down; therefore, the flexpoint is placed at this
AGEYR. This change in deterioration occurs because the migration
rates are much higher per 10,000 miles for normals than for other
regimes, and when the normals have all migrated to higher regimes
the deterioration rate tends to slow down. When technology groups
are combined into model years, the flexpoint for each model year
is the earliest flexpoint of any technology group that makes up
that model year.

-12-



The Block Data subroutines 1 through 3, shown in Figure.III-1 as
BLKDATn, and the data files IDRATE and COREFF, contain all the data
needed to calculate emission factors and inspection/repair benefits
for any of the program option combinations available through the input
menus. The data used in the model were developed through an extensive
analysis of available California vehicle emission test results. Data
bases used were the Light Duty Vehicle Surveillance Programs 1 through
9, the I/M Evaluation Program, and the Random Roadside Inspection
Programs carried out in 1985 and 1986. The data analysis techniques

are described in detail in Section IV of this report.

A. Calculating Emission Factors

The following example shows how emission factors are calculated for

each pollutant and model yeaf:

1. For each year of a vehicle’s 25-year life, the model calculates
the size of each emissions regime and the emissions from each
fegime, using the odometer reading for a vehicle of that age.

| L ‘
Sample calculation: At age 5, the average vehicle has an
odometer reading of 58,869 miles. For Tech Group 14, the percent
‘of the technology group in each Hydrocarbon emission regime is

given by the following equations:

Supers: | .007973/16;000 miles * 58,869 miles

= 4.694% .
Very Highs: -.04015 + .032067/10,000 miles * 58,869 miles
‘ - 14.863% . '
Highs: .042525/10,000 miles * 58,869 miles
= 25.034% :
Moderates: .29025 + .001140/10,000 miles * 58,869 miles
‘ = 29.696%
Normals: 1 - .04694 - 14863 - .25034 - .29696
= 25.714%

-13-



The hydrocarbon emission levels of each regime are:

Supers: 4.50 g/mi
Very Highs: 2.58-g/mi
Highs: 1.27 g/mi
Moderates: 0.546 g/mi
Normals: 0.291 g/mi

"Using the relative size and characteristic emissions for each
regime, emissions at the mileage corresponding to each of the 25
years are calculated. These steps are repeated for each

technology group.

Sample calculation: The total hydrocarbon emissions from Tech

Group l4 at the age of five yeérs are:

Supers: 4.694% * 4.50 g/mi = 0.21127 g/mi
Very Highs: 14.863% * 2.58 g/mi = 0.3835 g/mi
Highs: 25.034% % 1.27 g/mi = 0.3179 g/mi
Moderates: 29.696% * 0.546 g/mi = 0.1620 g/mi
Normals: ‘ 25.714% * 0.291 g/mi = 0.0748 g/mi
Total: ' 1.1494 g/mi

For each of the 25 model’years, emissions from technology groups
represented in the model year are combined according te their

proporticn of model year sales.

Sample calculation: The results of similar calculations for: the
other technology groups represented in‘thé 1980 model year are
showﬁ beibw. Also shown are the fraction of new car sales iﬁ the
model year for each technology group, and.the weighted sum of

emissions from 198C model year vehicles at the age of five years.

Tech Sales Total
Group Fraction Emissions
) 26.5% 3.201 g/mi
6 11.4% 1.458. g/mi
10 12.7% 1.073 g/mi
14 : 49 4% 1.149 g/mi
Weighted Sum of Total Emissions: 1.718 g/mi

-14-



4, Using the 25 years-of emissions vs, mileage data from step-3, the
model calculates a regression line or curve. The emission factor
can then be expressed as an intercept (zero-mile emissions) and é
slope (deterioration rate as a function of mileage). Figure
I1I-4 shows the calculated emission rates as a function of age

and the resulting regression line.

B. Calculating I/M Benefits

Like the emission factors, the inspectibn and repair benefits in the
model are calculated for ea;h model Year. After baseline (without
"I/M) emission factors are calculated for a model year, the inspection
and repair subroutines are executed. The procedure for calculating

inspection and repair benefits is shown in the flow chart in Figure

III-5.

The first step is a determination of the age of the vehicle in the
model year at its first inspection. As described above, deterioration
of emissions with vehicle age is simulated in this model by the

i movement of vehicles to higher-emitting emission regimes. Therefore
the age of the vehicles in the model’year at their first inspection
determines what proportion of the model year fleet will be in .each

emissions regime at the time the first inspection is performed.

Once the size of each emission reglme at first inspection has been
determined, the model uses the program options entered by the user to
find‘the appropriate values of identification rate and correction
efficiency for the pollutant and technology group being modeled in the
current step; The identification rate is a function of the emissions
regime before repair (for example, vehicles with major defects are
usually easier to find than those with marginally high emissions, so
identification rates for supers are generally higher than those for
moderates), the type of emissions test, the stringency of the test
standards, the type of functional check performed, and the ability of

the mechanic to perform the test, as well as the pollutant and

-15-
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Figure III-H

California I/M Benefits Model:
Inspection/Repair Module Detail

Note: Call frem main program passes model year to subroutine BENEFIT

Is this model year earlier than the minimum model year
Included in the program?

Yes

No

for vehicles in program?

Yes Has I/M program
1 Set emissions with I/M equal to changed?
No emissions without I/M
Determlha age of vehicle at first inspection:
Fn(calendar year, free years for new vehicles)
Is age at first inspection greater than maximum age Yes

iNo

Set emissions with I/M equal to emissicns without I/M
for all years prior to first inspection

1
| Call ANNUAL or BIENNIAL
(]

For sach pollutant:

* Find appropriate values of IDRATES and COREFFs In

it

IDRATE and COREFF data files

* Initialize population size before first (next) inspection
to correspond to population sizes for same age vehicle
without I/M (first time) or from previous program

1

Is vehicie age less than or equal to maximum age
for vehicles in program?

No

* Set regima sizes after rapalr equal to
regime sizes before repair

Yes

Calculate number of vehicles in each regime
Identified by Inspection

Calculate number of vehicles in sach regime
after repair

Y

Calcutate composite emissions for this year

1

Go to next year of vehicle’s life
1]

Is vehicie age greater than 25 years? Yes

Return to
main program

No

Calculate before-repair emissions next year

]

Return to main program

Nol Has I/M program changed? -

Yeos ]
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technology group. The identification rate is éxpressed as a fraction,
and it is applied to the fraction representing the size of the regime
before repair to indicate how. many vehicles are subject to repair.

Development of the identification rates is described in Section IV.G.

of this report.

The correction efficiency is detérmined by the type éf functional
check performed, the ability of the mechanic to perform the repairs,
and the cost limit imposed on required repairs, as well as the
pollutant and technology group. The development of the correction
efficiencies is described in detail in Section IV.H. A correction
efficiency-is provided for each preinspection and postrepalr regime
combination. Therefore there is a 5 by 5, or 25 element, matrix of
correction efficiencies for each combination of program options. For
example, for a particular set of program options, 45% of Very High
emitters identified by the inspection might be repaired to the Normal
regime and 25% to the Moderate regime, with 30% receiving no benefits
from repair. The corresponding line in the correction efficiency

matrix would leook like this:

| x

Pre-repair . Post-repair Regime
Regime Normal Moderate High Verv High Super

Very High 0.45 0.25 0.0 0.30 0.0

The fractional value describes the percentage of the Vehiéles'in a
certain preinspectidn regime that moves to a given regime after
repair. In calculating the size of the post-repair regimes, the
correction'efficiency fractions are applied to the portion of the
vehicles that was identified, or failed, by the inspection. Thus the
size of a regime after repair is equal to the size before inspection,
-minus the vehicles moving to other regimes due to repair, plus the
vehicles moving into the regime from other regimes as a result of

repair.
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One of the aésumptions in this approach is that vehicles moving to a
reéime as a result of repair behave the same way as vehicles that move
to the regime as a result of deterioration. Tﬁis means that possible
effects of I/M such as tampering deterrence or any kind of
accelerating effect on emissions deterioration are not accounted for.

This assumption is discussed in more detail in Section IV.

The CARB staff believes that under an I/M program having both low
répair»cost limits and minimal mechanic traiéing requirements, thefe
"will be a group of vehicles that will not be repaired. At the
direction of the CARB staff, for the 1984 I/M program, which has a $50
repair cost limit and the lowest level of mechanic performance, an
assumption is made that 24% of failed very high- and super-emitting
vehicles will not be repaired. It is further assumed that since these
"hardcore" failing vehicles cannot be repaired when initially
detected, they will not be repaired in subsequent I/M cycles. As a
result, the population of unrepaired very high and super emitters
increases with time. This 24% hard-to-repair fraction applies only to
the second and later years of an I/M program having the lowest repair
cost limits and mechanic training requirementsh Becau?e the program
enhancements implemented in 1990 increase the repair cost limits and
improve mechanic training, this assumption (and the 24% fraction)

affects only the first six years of the California program.

While the 24% fraction is a default value for the original I/M
program,‘the fracﬁion'can be changed by the user as an‘input‘qption.
Because the fraction applies only to the 1984 i/M‘program in
California, its impact is most noticeable on the witﬁ-I/M emissions
factors for pre-1985 model year vehicles. The effect of the
assumption regarding hard-to-repair vehicles is illustrated in Figure
I1I-6, which shows before- and after-repair exhaust HC emissions from
1977 model year éars equipped with oxidation catalysts‘and secondary

air .injection.
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The influence of the hafd-to-repair vehicles becomes noticeable in the
third year of the I/M program for these vehicles, as shown by the
divergence of the with-I/M lines. With no hard-to-repair vehicles,
emissions trend steadily downward until the vehicles exit the program
at the age of 20 years. However, the assumption that 24% of the
vehicles are hard to repair steadily reduces the pool of repairable
vehicles. This can be seen in the flattening and rising of the middie
line between about 100,000 and 130,000 miles. However, with the
implementation of highér cost limits and more-stringent mechanic
'training requirements in 1990, the model once égain allows these
vehicles to be moved to lower regimes after repair and the line trends
downward more sharply. It is interesting to note that the with-I/M
lines on the figure never meet; the assumption regarding hard-to-
repair vehicles affects with-I/M emissions and program benefits even

after the more stringent program is implemented.

Once emission regime sizes have been calculated, the model applies the
emission factors for each regime to produce a composite emission level
at the mileage level corresponding to each vehicle age (see Step 3
above). Just as in the b@seline case, technology group emissions are
weighted and combined to produce model-year specific emission levels
for those mileage levels; then 25 years of emission vs. mileage data
are regressed to determine zero-mile and deterioration emission rates

for vehicles in the specified I/M program in each model year.

C. Calculating Calendar Yeér‘Emissions and I/M Program Benefits

-Calendar-year emissions are calculated based on the assumption that 25
model years contribute to on-road vehicle emissions in a given
calendar year. The emisSioﬁs from each model year at the mileage
level corresponding to the calendar year being evaluated are combined
to develop average emissions for the calendar year. The resulﬁs of
this calculation for.the with-I/M case are compared with the results

from the baseline case to calculate I/M program benefits.
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IV. Data Analvysis

The emissions data used by the CALIMFAC model in calculating emission
factors and inspection/maintenance program benefits were derived from

three sets of California vehicle test data.

Light Duty Vehicle Surveillance Programs 1-9: Under CARB-run

surﬁeillance programs, over, three thousand passenger cars and light
trucks sampled from customer service have been tested in the
laboratory 6ver the course of many years. Diagnostic information for
the surveiilance cars indicates what types of defects were present and
whether they would pass an I/M test. Data available for these
vehicles include FTP emissions before and after various levels of
repair. Data for approximately 2600 passenger cars, with model years
ranging from 1968 to 1986, are contained in the surveillance data.
These data provide information about the emissions behavior of in-use
vehicles and potential emissions reductions possible from various

levels of repair.

Undercover Cars: In the' 1985 I/M Evaluation Program, vehicles

that should have failed the California Smog Check tests were selected
at random from the general population